A scheme is presented for the teleportation of an unknown atomic state between two separated cavities. The scheme involves two interaction-detection cycles and uses resonantly coupled atoms with an additional ground state not coupled to the cavity field. Remarkably, the damping of one basis state is balanced by that of the other basis state and the state with photon loss in the first interaction-detection cycle is eliminated by the second cycle. Therefore, the fidelity of teleportation is independent of the teleported state and insensitive to the atomic spontaneous emission, cavity decay, and detection inefficiency, which is obviously in contrast to the original scheme by Bose et al. [Phys. Rev. Lett. 83 (1999) Quantum teleportation, first proposed by Bennett and colleagues in 1993 [1], is a means of transporting an unknown quantum state from one place to another without the requirement to move the particle which carries the quantum information. As quantum teleportation is one of basic methods of quantum communication [2] and may be useful in quantum computation [3] , it has attracted considerable attention in recent years. Experimental realizations of quantum teleportation have been reported using optical systems with both descrete [4] and continuous variables [5] , nuclear magnetic resonance [6] , and trapped ions [7] .
recombined and completely encoded in atom 2 [19] .
Assume that the atom (atom 1), whose state is to be teleported, is initially in the state
where c f and c g are unknown coefficients. Both the two cavities are initially in the vacuum state |0 . The first step is the transfer of one photon to the cavity through a half-cycle of the vacuum Rabi-oscillation of the atom-cavity system. The vacuum Rabi half-cycle is initiated by exciting the state |g 1 to |e 1 . This leads to
The emission or non-emission of a photon depends on whether the initial state is |g 1 or |f 1 , providing the essential tool for generating entanglement between the atom and cavity field. This is distinguished with the scheme of Ref. [9] , in which two ground atomic states are coupled to the cavity field via Raman process and atom 1 is disentangled with the cavity field after the atom-cavity interaction. The atom (atom 2), to receive the teleported state, is initially prepared in the state
In Ref. [9] , atom 2 is initially in a ground state and the entanglement between atom 2 and cavity 2 is obtained after a Rabi quater-cycle, which is obviously in contrast with the present case. The aim of using the initial state |φ 2 is to let the basis states |g 1 |f 2 and |f 1 |g 2 be equally damped, as shown below. This allows the effect of decoherence in cavity 1 is balanced by that in cavity 2.
In the interaction picture, the Hamiltonian in each cavity is
where S + j = |e j g j | and S − j = |g j e j | are the raising and lowering operators of the jth (j=1,2) atom, a j and a + j are the annihilation and creation operators of the jth cavity mode, and g is the atom-cavity coupling strength. The Hamiltonian of Eq. (4) does not include the effects of the atomic spontaneous emission and cavity decay. Under the condition that no photon is detected either by the atomic spontaneous emission or by the leakage through the cavity mirror, the evolution of the system is governed by the conditional Hamiltonian
where κ is the cavity decay rate and Γ is the atomic spontaneous emission rate. The time evolution for the state |e j |0 j is
where
After an interaction time t 1 given by tan(βt 1 ) = 4β/(Γ − κ), the whole system evolves to
Unlike the scheme of Ref. [9] , the state of atom 1 is not transferred to cavity 1, and atom 2 and cavity 2 are not prepared in a maximally entangled state. Now we perform the transformation:
This leads to
After the transformation the atom-cavity interaction is frozen since H j |ψ 2 = 0. Now we waits for the photodetectors to click. The registering of a click at one of the photodetectors corresponds to the action of the jump operators (a 1 ± a 2 )/ √ 2 on the state |ψ 2 , where "+" corresponds to the detection of the photon at the photodetector D + , while "-" corresponds to the detection of the photon at D − . The system is then projected to
where τ 1 is the waiting time. In comparison with the scheme of Ref. [9] , after the detection of the photon atom 1 is entangled with atom 2 and the cavity modes, and the two basis states |f 1 |g 2 and |g 1 |f 2 are equally damped. Then we wait for another time τ 2 . Suppose that no photon is detected during this period. Due to the cavity decay the system evolves to
If τ 2 is long enough so that e −κτ2/2 ≪ 1 the last term of |ψ 4 can be discarded. This leads to
Then we sequentially perform the following transformations on atom 1: |g 1 → |e 1 and |f 1 → |g 1 . Meanwhile we excite the state |g 2 to |e 2 . This leads to
Due to the transformations each atom interacts with the corresponding cavity mode again. Suppose that no photon is detected during the interaction the evolution of the system is
where t 2 is the interaction time. The registering of a click at one of the photodetectors at some moment projects atom 2 to
with atom 1 left in the state |g 1 and the two cavity modes left in the vacuum state |0 1 |0 2 . Here "+" corresponds to the detection of two photons at the same photodetector during the two interaction-detection cycles, while "-" corresponds to the detection of the photons at different photodetectors. If the two photons are detected in the same photodetector atom 2 is just in the initial state of atom 1. If the two photons are detected at different photodetectors we perform the rotation |f 2 → − |f 2 to reconstruct the initial state of atom 1. If one wishes to wait a time t d during the second stage, the probability of success is
If t d is long enough so that e −(κ+Γ)t d /2 ≪ 1 the success probability is P = e −(κ+Γ)t1/2 /2. The success probability increases as the needed interaction time t 1 decreases.
Due to the imperfection of the photodetectors, there is a probability that two photons have leaked out of the cavities but only one photon is detected during the first interaction-detection cycle, which leads to the state |f 1 |f 2 |0 1 |0 2 . In this case no photon is emitted during the second cycle and the event is discarded. The scheme is conditional upon the detection of two emitted photons. If one of the emissions is not detected, the scheme fails and the procedure restarts. Therefore, the imperfection of the photodetectors does not affect the fidelity of the teleported state. Set the detection efficiency to be η. Then the success probability is P ′ = η 2 P . Because of imperfect timing of the interaction time t 1 , atom 2 is finally in the mixed state
and
Here δt 1 is the deviation from the desired interaction time. With imperfect timing of the interaction time t 1 being considered, the fidelity is
When the timing is not perfect the fidelity depends on the state to be teleported. In order to perform the transformation in Eq. (11) we use a pair of off-resonant classical fields with the same Rabi frequency Ω to drive the transitions |g j → |h j and |f j → |h j , where |h j is an auxiliary excited state. The two classical fields are detuned from the respective transitions by the same amount δ. In the case that the detuning δ is much larger than the Rabi frequency Ω the upper level |h j can be adiabatically eliminated and the two classical fields just induce the Raman transition between the states |g j and |f j [20] . The Raman coupling strength is λ = Ω 2 /δ. The time needed to perform the required transformation is π/2λ. Under the condition λ ≫ g, the atom-cavity interaction can be neglected during this transformation. Set Ω = 3 × 10 2 g and δ = 10Ω. During this transformation the probability that each atom exchanges an excitation with the cavity mode is on the order of (gπ/2λ) 2 ≃ 2.74×10 , δt 1 = 0.05t 1 , and η = 0.6 [9] . Then the success probability and fidelity are about 0.15 and 0.998, respectively. The present scheme works in the Lamb-Dicke regime, i.e., the spatial extension of the atomic wave function should be much smaller than the wavelength of the light fields. In a recent experiment [22] , the localization to the Lamb-dicke limit of the axial motion was demonstrated for a single atom trapped in an optical cavity.
In summary, we have proposed a scheme for long-distance teleportation of the state of an atom trapped in an optical cavity to a second atom trapped in another distant optical cavity. The scheme involves two interactiondetection cycles and uses resonant atoms with an additional ground state not coupled to the cavity field. The distinct advantage of our scheme is that the teleportation fidelity is state-independent and insensitive to decoherence and imperfect photodetection in principle. 
